Two-photon photoemission (2PPE) spectroscopy is used to reveal dynamic relaxation of highly excited electrons generated by 3 eV photons in Si. Monochromatic 2PPE at probe-photon energies ranging from 3.2 to 3.5 eV reveals a coherent 2PPE peak from the valence band maximum, and a transiently populated photoemission peak near L 1 in the conduction band. Time-resolved 2PPE measurements show that electrons injected into the L valley undergo L-to-X intervalley scattering with a time constant of 180 fs at 293 K. A deformation potential constant of 1.2 eVÅ −1 is obtained for the scattering. The highly excited electrons are relaxed down around the conduction band minimum to form a quasi-equilibrated hot electron distribution; the highest density is accumulated at 660 fs after excitation. The hot electron distribution is equilibrated with the lattice within 2 ps after excitation. These results are compared to relaxation processes of electrons injected directly into the X valley by photons with energies below 2.2 eV.
I. INTRODUCTION
Ultrafast semiconductor carrier dynamics are of great scientific and technological interest. Many of the dynamics in short temporal domains are defined by electron-phonon interaction, together with carrier-carrier interactions; phononinduced scattering processes transfer carriers between different momentum states and finally thermalize hot carriers with the lattice. Despite the importance of Si to fundamental semiconductor physics and the microelectronics industry, most knowledge of electron-phonon interactions is limited to near-equilibrium conditions and obtained by transport measurements. Recently, a greater understanding of the interactions in Si has become increasingly important. First, in nanoscale devices with dimensions comparable to carrier scattering lengths, fundamental quantum-mechanical carrierlattice interactions determine their properties. 1 Therefore, a comprehensive understanding of electron-phonon interaction over the full Brillouin zone is important. Second, photoexcitation of Si at photon energies of more than 3 eV induces striking structural rearrangements in Si, such as coherent phonon excitations, 2 electronic surface bond rupture, 3 and electronically driven order-disorder phase transitions. 4 For a mechanistic understanding of these phenomena, a comprehensive study of the ultrafast carrier dynamics in Si at wider momentum and energy ranges is crucial.
Extensive theoretical and experimental studies have fully characterized the Si electronic structure. [5] [6] [7] [8] [9] [10] [11] [12] In Fig. 1 , we show the band structure of Si along the L--X directions of the Brillouin zone 5 and the transition pathways concerned in this paper schematically. Several optical spectroscopic studies have shown that direct transitions E 0 at the zone center and E 1 at near the L critical point occur at 3.31 ± 0.03 eV and 3.39 ± 0.02 eV at 296 K, respectively. Since the energy of L 1 at the conduction band (CB) is 2.2 eV above the valence band maximum (VBM), 5 hot electrons generated by excitation with photon energies smaller than 2.2 eV are injected directly into the states along the -X line, and they are relaxed down near the conduction band minimum (CBM) via intravalley scattering. The ultrafast dynamics of intravalley scattering of hot electrons have been studied using femtosecond (fs)-laser excitation to show some characteristic features of the relaxation scattering. 13 At higher photon energies, but still below the direct transitions, a significantly increasing absorption coefficient 14 has been attributed to indirect transitions into the L and/or X valleys. For such highly excited electrons, intervalley scattering among L, , and X valleys in the CB, associated with large momentum transfer, becomes important in ultrafast carrier relaxation. In order to trace the relaxation pathways for these hot electrons precisely, dynamical studies of momentum-and energy-resolved states are needed.
Optical techniques used to study ultrafast carrier relaxation in Si have been restricted mainly to measurements of transient changes in the dielectric function following excitation by laser pulses. The indirect band gap of Si precludes more specific probes, such as time-resolved luminescence measurements, which are often applied to direct band-gap compound semiconductors. 15 More importantly, the final states of optical transitions cannot be traced using an optical technique; knowledge of carrier relaxation in momentum space may only be inferred indirectly. On the other hand, photoemission spectroscopy measures the energy and parallel momentum. Two-photon photoemission spectroscopy (2PPE), including time-and angle-resolved measurements, provides a direct spectroscopic technique to determine the final states of optical transitions, and energy-and momentum-resolved dynamics. 16 In this paper, we present a 2PPE study of the dynamic relaxation of highly excited hot electrons in Si using photon energies from 3.2 to 3.5 eV. Monochromatic 2PPE at probephoton energy (hν pr ) in this range reveals a coherent 2PPE peak from the VBM, and a photoemission peak from transiently populated electrons at the L valley in the CB. Time-resolved 2PPE measurements show that electrons injected into the L valley undergo L-to-X intervalley scattering with a time constant of 180 fs at 293 K. A deformation potential constant −1 is obtained for the scattering. The relaxation of highly excited electrons leads to the formation of a quasiequilibrated hot electron distribution around the CBM, and the highest density is accumulated near the CBM at 660 fs after excitation. The hot electron distribution is equilibrated with the lattice within 2 ps after excitation. These results are compared to relaxation processes of electrons injected directly into the X valley by excitation at 2.10 eV, in order to highlight characteristic features of relaxation of hot electrons generated by 3 eV photons.
II. EXPERIMENTAL METHODS
Boron-doped p-type Si(001) and Si(111) wafers with resistivity of 4.8 and 5.1 · cm were clamped with Ta sheets to the sample holder in an ultrahigh-vacuum chamber (<5 × 10 −11 Torr). Surface structures were characterized in situ by a scanning tunneling microscope prior to photoemission measurements. The (100) surfaces were well-ordered double-domain (2 × 1) structures with a typical surfacedefect concentration n D of 1%, while (111) surfaces were almost perfect (7 × 7) structures with n D less than 0.05%. A 76 MHz Ti-sapphire laser was used to generate fs-laser pulses from 700 to 765 nm. The second (2ω) and third (3ω) harmonics of the fundamental (ω) were used in the 2PPE experiments. The fundamental was used to establish the flat-band conditions for the Si(111)-(7 × 7) surface, where band bending is significant. [17] [18] [19] The fundamental laser pulses hit the surfaces about 10 ns before the photoemitting pulses. The temporal width of the ω and 2ω pulses was typically 100 fs, but the width of 3ω pulses was broadened to 180 fs due to optical dispersion of a pair of lenses and the window of the ultrahigh-vacuum chamber. We also used a femtosecond laser system consisting of a regenerative amplifier of the Ti:Sapphire laser and optical parametric amplifier, which generates 120 fs laser pulses centered at a photon energy of 2.10 eV. A part of the amplified fundamental output at 765 nm was used to generate third harmonics to probe photoemission. The temporal width was 160 fs at the sample position. The pump and probe pulses, with a preset time delay ( t), were aligned coaxially and focused on the sample surfaces at 45
• to normal. Electrons emitted along the surface normal (±2 • ) were analyzed using a hemispherical analyzer with an instrumental energy resolution of 50 meV.
For Si(111)-(7 × 7), electron populations along the --L line in the CB can be monitored by measuring surfacenormal photoemission. Also, the population near the CBM can be detected simultaneously because of the reduced surface Brillouin zone for this surface. 20 For Si(001)-(2 × 1), surfacenormal photoemission probes the states not only along the --X line but along 2/3 -L, due to back folding to¯ by the 2 × 1 reconstruction for Si(001)-(2 × 1). 21 Therefore, use of the two different surfaces makes it possible to characterize the relaxation pathways of highly excited electrons in Si in wider momentum spaces, and to examine the effects of surface states on carrier dynamics in bulk electronic states of Si.
III. RESULTS AND DISCUSSION
A. Energy-resolved 2PPE
Monochromatic 2PPE with 2ω pulses
Figure 2(a) shows the monochromatic 2PPE spectra measured by p-polarized probe light with hν pr from 3.24 to 3.44 eV for Si(111)-(7 × 7) at 293 K. The electron energy E for the spectra is given with reference to the vacuum (a) Two-photon photoemission spectra from Si(111)-(7 × 7) measured for p-polarized probe pulses with hν pr from 3.24 to 3.40 eV at 293 K. The hν pr are 3. 24, 3.26, 3.28, 3.30, 3.33, 3.35, 3.37 , and 3.40 eV from the bottom to the top. Three peak features in the spectra are labeled as A, B, and Q. The inset shows the intensity of peak A as a function of hν pr . (b) Comparison of two-photon photoemission spectra measured for p-and s-polarized probe pulses at hν pr = 3.40 eV at 293 K. The intensity of s-polarized spectrum is multiplied by a factor of 2. In both (a) and (b), the energy is referenced to the work function of the analyzer at the bottom scale, while it is converted to the kinetic energy referenced to the vacuum level of specimens at the upper scale.
level of the analyzer. The intensities of the spectra measured at different hν pr values are normalized with respect to the square of the photon flux (number of photons per unit area). The normalization evidences just the photoemission resonance enhancement and does not change any spectral features. In the figure, we clearly see two peaks, labeled as A and B, and a shoulder-like structure labeled as Q. In the inset of the figure, we show the peak intensity of the highest-energy peak A as a function of hν pr . It shows a resonance enhancement at hν pr = 3.40 eV. The intensity of peak B increases with increasing hν pr up to the highest hν pr used in this study.
In Fig. 2(b) , we compare the 2PPE spectra measured by sand p-polarized probe light at hν pr = 3.40 eV. In the spectrum measured by p-polarized light, the energies of peaks A and B are 2.17 and 0.94 eV, respectively, and peak Q is located at around 1.5 eV. On the other hand, although the highest energy peak A can be excited, peaks B and Q are almost completely suppressed for s-polarized light. The probe-light polarization dependence gives important information about the symmetries of the initial and intermediate states involved in the 2PPE processes.
In the spectra shown in Fig. 2 , there is a clear and common low-energy cutoff E L , which corresponds to the difference between the vacuum level v of Si(111)-(7 × 7) surfaces used in the measurement and the vacuum level of the electron analyzer, both of which are connected by a common Fermi level E F . It is well known that surface band bending exists on this surface, and the surface photovoltaic effect is significant when the surface is photoexcited. [17] [18] [19] The surface Fermi level measured from the VBM is not the same as E F in the bulk in such cases. Since the work function (4.337 eV) of the analyzer, E F (0.24 eV above VBM) in the bulk of our specimens, and the ionization energy χ (5.31 eV) of Si(111)-(7 × 7) are known, 20, 22, 23 E L for the surface under complete flat-band conditions can be estimated to be 0.73 eV. The observed E L in Fig. 2 is 0.65 eV, about 0.1 eV less than that expected for flat-band conditions, showing that a finite amount of band bending still exists for our experimental conditions at 293 K. Keeping this fact in mind, we change the energy axis from the electron energy, referenced by the vacuum level of the analyzer, to the kinetic energy E K , defined as E K = E − E L . The upper scale of Fig. 2 shows the kinetic energy using E L = 0.65 eV. Since all states in the surface region monitored by 2PPE shift their energies in parallel, 17 use of E K gives a more reliable energy axis to analyze the spectra in terms of electronic states of Si by compensating for possible variations of photovoltage coming from different excitation and/or probe conditions. In reality, however, an E L value of 0.65 eV is rather insensitive to different excitation/probe conditions, as seen in Fig. 2 , and varies at most by ±0.02 eV when the fundamental of fs-laser light is used to reduce band bending. The photovoltaic effects and several consequences of laser-induced removal of band bending will be fully described in a separate paper. 24 The shifts in the peak kinetic energy E KP as a function of hν pr give crucial information to identify the photoemission processes of 2PPE. 21, 25 In order to compare the results of monochromatic 2PPE using 2ω pulses with those obtained by bichromatic 2PPE using 2ω and 3ω pulses as described later, we analyze the peak-energy shifts of photoemission peaks in Fig. 2(a) in terms of the photon energy (hν 0 ) of the fundamental of fs-laser light; hν pr = 2 hν 0 . In this case, E KP can be expressed as E KP = mhν 0 − E i , where m is a constant, and E i is the energy of the initial state of photoemission measured from v . For a peak due to a coherent 2PPE process from an occupied state, the energy of the state is given by E i , and m = 4 is expected. On the other hand, when a photoemission peak is due to an incoherent two-step process, the initial state is a normally unoccupied state, which is transiently occupied within a pulse, and m takes the value of 2. 25 As seen in Fig. 2(a) , peaks A and B show sizable peak-energy shifts with increasing hν pr , while peak Q shows almost no shift. Also, its shoulder-like structure makes it difficult to determine the peak kinetic energy precisely. Therefore, we omit peak Q in this analysis.
In Fig. 3(a) , E KP of each peak is plotted as a function of hν 0 . Peak A shows m = 4 and E i = 5.29 eV below v , while peak B shows m = 2 and E i = 3.12 eV below v . The broken curve with a slope of 4 is added to emphasize the character of m = 2 for peak B. The result of m = 4 for peak A is a clear indication that the peak is due to coherent 2PPE by a 2ω laser pulse from an occupied state with a constant energy. On the other hand, the value m = 2 for peak B is strongly suggestive that the peak comes from a two-step photoemission process, including transient population of a normally unoccupied state followed by one-photon photoionization within a laser pulse.
In Fig. 4 , we show the monochromatic 2PPE spectra measured for surface-normal photoemission from Si(001)-(2 × 1) surfaces at 293 K, using hν pr from 3.33 to 3.44 eV. The energy scale in the figure is the kinetic energy introduced previously. In the figure, a three-peak structure, similar to that for Si(111)-(7 × 7), is clearly detected, although the lowest energy peak, labeled B , is reduced strongly in intensity relative to the highest-energy peak, labeled A , for Si(001), when we compare the spectral features for the two surfaces. When s-polarized 2ω light is used, peak A is excited, while peaks B and Q are almost completely suppressed, similar to the case of Si(111)-(7 × 7). We analyzed the shifts of peaks A and B in Fig. 4 in terms of the photon energy (hν 0 ) of the fundamental of fs-laser light, similar to the case of Si(111)-(7 × 7). It is found that peak kinetic energy E KA for peak A is described as E KA = 4hν 0 − 5.34eV, and that the energy E KB for peak B is given as E KB = 2hν 0 − 3.21eV. Based on these results, we can conclude that peak A is due to a coherent 2PPE process, and peak B is a two-step photoemission from a transiently populated normally unoccupied state. As seen in Fig. 4 , peak Q shows almost no changes in peak energy with changing hν pr , similar to the case of peak Q of Si(111)-(7 × 7), suggesting a similar origin for the two peaks.
In order to compare the two photoemission peaks observed for two different surfaces, we have to take the different ionization energies into account. The χ of 5.35 ± 0.05 eV has been reported for Si(001). 21, 22, 26, 27 The magnitudes of E i values determined here are listed in Table I, together with χ values reported in literature. Because of the scatter of ionization energies reported, the energies of the initial states with respect to the VBM can be determined within uncertainties of ±0.05 eV. Within this limitation, we can conclude that the initial state of peak A of the Si(111) surface and that of peak A of the Si(001) surface have the same energy relative to the VBM. The estimated energy of the initial state is the same as the VBM within experimental error. Also, we find that the initial state of peak B of the (111) surface and that of peak B of the (001) surface, both of which are due to incoherent two-step photoemission processes, are the same, and located about 2.1 eV above the VBM. We discuss the initial states of the photoemission processes in detail after adding some more information from bichromatic 2PPE results in the next section.
Bichromatic 2PPE with 2ω and 3ω pulses
In order to elucidate the 2PPE processes further, we used 2ω and 3ω pulses to measure bichromatic 2PPE spectra from Si(111)-(7 × 7). In the study of time-resolved 2PPE to TABLE I. Initial-state energy (E i ) determined by the analysis using E KP = mhν 0 − E i for each photoemission peak detected in monochromatic 2PPE measurements for Si(111)-(7 × 7) and Si(001)-(2 × 1). A simple average value is taken for the ionization energy (χ ) for each surface over reported values in the literature. Energy (E V ) relative to the VBM is estimated from E i and ξ . The constant m used in the analysis is in the last column. reveal dynamics of photogenerated highly excited electrons, introduction of 3ω pulses as probe pulses extends our energy window by more than 1.5 eV, which is essential for detecting transient electron populations in a wider energy range that includes the CBM. As shown in our previous study, the CBM photoemission is observed only for p-polarized probe light, mainly due to the surface-photoelectric effect. 20 Therefore, we use p-polarized 3ω pulses as probe light. Also, in order to possibly suppress any coherent photoemission processes, we use s-polarized 2ω pump pulses. This cross-polarization combination gives further information on the symmetry of the intermediate states involved in 2PPE.
As seen in the previous section, Si(111) surfaces yield more intense photoemission peaks for energies below the highestenergy peak, compared to Si(001). Also, the low-energy cutoff is smaller than that of Si(001), giving a wider energy window for detecting transient photoemission peaks. Therefore, we conducted the bichromatic 2PPE study mainly on Si(111). The results of time-resolved spectroscopy will be fully described in the next section, and here we summarize additional new features from energy-resolved spectroscopy.
Figure 5(a) shows the bichromatic 2PPE spectra measured by 2ω and 3ω laser pulses with t = 0 for hν 0 = 1.65 and 1.70 eV for Si(111)-(7 × 7). In order to display the spectral components originating from 2PPE processes by 2ω and 3ω pulses clearly, we show the difference between the measured spectra at a given t and the spectrum measured at t = −1 ps. The spectrum measured at t = −1 ps, where no overlap between two pulses exists, is characterized by simple overlap of the intense one-photon photoemission signal from the surface occupied state S 1 , formed by dangling bonds of adatoms on the 7 × 7 structure, by 3ω light, 18, 20 and the 2PPE spectrum by the s-polarized 2ω light; the latter is similar to the spectrum shown in Fig. 2(b) . We regard the spectrum measured at t = −1 ps as the "background" and subtract it from the measured spectra for t > −1 ps hereafter. The energy axis is the kinetic energy referenced to v of our samples.
In Fig. 5(a) , peak features, consisting of peaks A, B, and Q, similar to those in Fig. 2(a) , are evident in the higherenergy region above 1.5 eV. The intense photoemission below 1.5 eV is due to the transiently populated normally unoccupied surface state U 1 , formed by dangling bonds of adatoms on the surface. 18 The intensity of peak A is enhanced, relative to that of peak B, compared to the spectrum obtained by monochromatic 2PPE with 2ω pulses. The reason could be due to different properties of final states reached by 2ω and 3ω light and/or possible addition of a coherent photoemission component including intermediate states coupled with 3ω light; there are several possible candidates that act as intermediate states for 3ω light around 5 eV, as can be seen in Fig. 1 .
The peak kinetic energies of peaks A and B in Fig. 5 (a) are plotted as a function of hν 0 in Fig. 3(b) . Similar to the case of monochromatic 2PPE, E KP is analyzed using the equation: E KP = mhν 0 − E i . Peak A gives a value of m = 5 with E i = 5.34 eV, while peak B results in a value of m = 3 with E i = 3.09 eV. The initial-state energies of peaks A and B are essentially the same as those in the monochromatic 2PPE measurements shown in Fig. 3(a) . The value of m = 5 for peak A indicates that the coherent 2PPE process by s-polarized 2ω and p-polarized 3ω pulses is responsible for this photoemission peak. Similarly, the value of m = 3 for peak B shows that the initial state of the incoherent two-step process is excited by s-polarized 2ω light and ionized by p-polarized 3ω light.
For peak A, resonance enhancement of the intensity occurs at 3.40 eV, as shown in the inset of Fig. 2(a) , which is close to E 0 (3.31 ± 0.03 eV). Also, the initial state responsible for peak A is located near the VBM, as analyzed in Table I .
One more important finding for the 2PPE process is that the photoemission can be induced by both p-polarized and spolarized light and by orthogonally polarized light, indicating that the intermediate state is a degenerate state. Based on these results, we conclude that peak A of Si(111)-(7 × 7), and peak A of Si(001) result from coherent 2PPE from the VBM via 15 . However, we need further investigations on the role of occupied surface states located near the VBM in order to elucidate the photoemission process resulting in peak A. On Si(111)-(7 × 7), the occupied surface state due to rest atoms, S 2 , is located 0.2 eV below the VBM, 19 and on Si(001)-(2 × 1), the occupied dangling-bond band of Si dimers, D up , is located 0.15 eV below the VBM. 21 Since these occupied surface states form surface resonances with the bulk valence band near the VBM, they may play some role in the photoemission process as well as the VBM. 28 We leave the roles of these surface states on the coherent photoemission process generating peak A as an open question for future studies. We simply conclude here that the initial state of peak A is the VBM, since it is clear from energetic analysis in Table I that the VBM is involved in the photoemission process irrespective of a possible role of surface states.
Peak B, which is generated by an incoherent two-step photoemission process, is characterized by the initial state located around 2.1 eV above the VBM. Several band calculations and experiments show that the L 1 state lies 2.29 ± 0.11 eV above the VBM. 5, [29] [30] [31] The electronic structure along towards L of the lowest CB is characterized by a dispersionless feature; the energy is almost constant for a range of momenta between (π/a)(0.8,0.8,0.8) and (π/a)(1,1,1) (see Fig. 1 ); all states within this momentum region give essentially the same peak kinetic energy in the photoemission when they are populated. Symmetry considerations tell us that one-photon photoemission normal to the surface from L 1 for p-polarized hν pr is not possible in the bulk, since dipole transitions cannot connect it to totally symmetric final states. 32 On the other hand, 1 , which has almost the same energy as L 1 , can be connected to the totally symmetric final state by p-polarized light, which has a field component normal to the surface, but not by the s-polarized light. As mentioned in Sec. III A 1, peak B is excited by p-polarized light but not by s-polarized light in monochromatic 2PPE. As a result of bichromatic 2PPE, peak B is clearly detected by the s-polarized 2ω pump pulse and p-polarized 3ω probe pulse, showing that the p-polarized light is essential for the photoemission process from the transiently populated states. The transient population at the energy of peak B is proven by time-resolved measurement, as will be described in the next section. Therefore, we conclude that peak B is the photoemission from the transiently populated electron states at the region from 1 to L 1 along the -1 -L 1 line. Peak B of Si(001)-(2 × 1) may have the same origin, since photoemission near L 1 may become detectable in surface-normal emission by the back folding due to the (2 × 1) reconstruction.
Another important consequence of the 2PPE experiments using 2ω and 3ω pulses is that we can directly correlate our electron kinetic energy to the energy measured from the VBM, free from uncertainties in reported values of ionization energies, since the location of the CBM is clearly defined in the spectra. In Fig. 5(b) , we show the spectra measured at t = 1.5 ps, together with the spectrum at t = 0. In the spectrum at t = 1.5 ps, peaks A, B, and Q have completely been decayed out, and a new peak labeled as C has arisen. Peak C has been attributed to photoemission from the CBM. 20 The green (gray) broken curve in Fig. 5(b) , which is almost completely overlapped with the 1.5 ps spectrum, is the fitted CBM photoemission spectrum as in Ref. 20 . Because of the finite energy resolution of our analyzer, the peak energy of peak C (0.97 eV) is shifted from the exact position of the CBM (0.94 eV) indicated by an arrow. Using the band-gap energy of 1.12 eV at 293 K together with the peak energy (2.05 eV) of peak B, we conclude that the initial state of peak B is located at 2.23 eV above the VBM. Figure 5 (c) is a part of Fig. 1 , matched to the energy scale based on the result that our kinetic energy of 0.94 eV corresponds to the CBM. The calculated electronic band structure gives us a basis from which we can identify the initial states with real populations probed by 3ω light with hν pr = 5.10 eV.
In view of Fig. 5 , we can make some suggestions on the possible origin of peak Q. Energetically, the initial state of peak Q corresponds to the states near 1 along 15 to L 1 , when the peak comes from a transient population induced within a pulse-overlap. As seen in Fig. 2 , peak Q can be probed only by p-polarized light. Since one-photon photoemission normal to the surface of Si(111)-(7 × 7) from 1 can be allowed only by p-polarized light, the polarization-dependent result is consistent with this identification. Since the peak kinetic energy does not show any clear shift as a function of hν 0 , as seen in Fig. 3 , the photoemission is not from any states with conserving constant energies. When the electrons populated near 1 undergo fast relaxation toward L 1 , a probe-pulse with a finite temporal width of 180 fs may generate a photoemission peak with a kinetic energy determined by a time-dependent average of these relaxing electrons toward low energies. For such relaxing electrons, it might be possible to have almost constant peak kinetic energy of photoemission.
The spectra in Fig. 5(a) show that peak Q is generated even by excitation with photon energy smaller than the resonant energy E 0 that corresponds to direct transition at . Because of almost parallel dispersions of valence and conduction band along the 111 direction, many states with finite wave vectors along this direction can contribute to the phonon-assisted indirect transitions for photon energies less than E 0 .
Since, the photoemission peak Q of Si(001)-(2 × 1) shows similar properties as those of peak Q of Si(111)-(7 × 7), as described in Sec. III A 1, peak Q of Si(001) may also be attributed to relaxing electrons at states with short lifetimes. Since surface-normal photoemission from the (001) surface can monitor the states along the --X line of the CB, peak Q may be due to relaxing electrons temporarily populated at states near 1 . However, detailed future study using shorter optical pulses is needed to elucidate the origin of peak Q (and Q ) and to reveal ultrafast scattering processes of highly excited hot electrons within the , L, and X valleys.
B. Time-resolved 2PPE with 2ω and 3ω pulses
Using time-resolved measurements by 2ω pump pulses and 3ω probe pulses, the temporal evolution of photoemission spectra was measured by changing t. Figure 6 displays the evolution of photoemission spectra upon 3.40 eV excitation, probed with 5.10 eV photons, for time delays up to 1.5 ps after excitation. Analysis of temporal changes of respective peaks gives deeper insight into the relaxation processes of hot electrons generated by 3 eV photons in Si. Characteristic features easily noticed in Fig. 6 are the following. The intensity of peak A at 3.22 eV decays rapidly within 200 fs after excitation. On the other hand, the decay of peak B at 2.05 eV is delayed slightly relative to peak A but takes place within a few hundred femtoseconds of excitation. On the other hand, the CBM peak intensity increases with a significant time delay after excitation. We discuss these features more quantitatively in subsequent sections. Since the efficiencies of detecting photoelectrons emitted from respective positions of the CB may change significantly, we discuss only the relative changes of respective peaks by normalizing the maximum photoemission intensities to unity. We first discuss the L-to-X intervalley scattering in the next section by analyzing the temporal changes of peak B originating from transiently populated electrons near L 1 . Then, we discuss the electron dynamics to form quasi-equilibrated electron systems near the CBM in the subsequent section.
L-to-X intervalley scattering
In order to show the temporal evolution of peak B more clearly, we plotted the photoemission intensity I B of peak B at E K = 2.05 eV, together with that I A of peak A in Fig. 7(a) . The temporal changes were measured also by setting the analyzer at a fixed electron energy with scanning t. The time-scan data are shown by open circles, while the intensities determined from the spectra of Fig. 6 are shown by solid circles. As concluded previously herein, peak A is due to a coherent 2PPE process, and the change of its intensity with respect to t can be regarded as the cross-correlation trace (CCT) of our pump and probe pulses. The intensity I A , shown by the red (dark-gray) curve, shows almost complete symmetric shape with respect to t = 0, and can be fitted by a Gaussian distribution with full-width at half maximum of 210 fs. On the other hand, I B shows a finite delay of the peak around t = 0 ps and a persistent decay; an ∼150 fs time constant is estimated at t > 200 fs, where pump and probe pulses no longer overlap. The delay of the peak maximum with respect to the peak of CCT demonstrates clearly that the peak is associated with a real population. Therefore, we can definitively conclude that peak B is due to photoemission from transiently populated electrons near L 1 . Since the momentum scattering time to dephase excited-carrier states is shorter (∼30 fs 33 ) than our pumpand probe-pulse widths, photoemission from the temporally occupied states by the pump pulse can be detected even in the spectrum at t = 0 ps, as well as by monochromatic 2PPE using 2ω pulses as displayed in Fig. 2(a) .
In Fig. 7(b) , we plot the photoemission intensity of peak Q, based on the time-resolved spectra in Fig. 6 . The temporal change is compared with the CCT and the L 1 peak. The intensity of peak Q shows a finite delay with respect to the CCT, but it decays faster than the L 1 peak. The result shows that peak Q is due to the photoemission from transiently populated electrons at states that have short lifetimes, supporting our tentative conclusion that peak Q is due to relaxing electrons at the state near 1 along 15 to L 1 .
For quantitative analysis of the ultrafast changes in CBelectron populations under excitation above 3 eV, it is crucial to take the effect of diffusion into account, since the large absorption coefficient (>10 6 cm −1 , Ref. 14) results in a steep carrier concentration gradient that leads to efficient carrier diffusion. Since 2PPE probes the electron dynamics only near the surface region, efficient diffusion can significantly reduce photoemission intensities. To demonstrate the effects of diffusion, we display in Fig. 7(a) the simulated result for the CB electron density at the surface, calculated by a diffusion-equation model with an equilibrated ambipolar diffusion constant D (=18 cm 2 s −1 ) at 300 K. 34 No other decay channels are included in the calculation. The initial density at the surface is reduced to roughly one half within 1 ps of excitation, during which several relaxation processes may take place. The intensity I B of peak B in Fig. 7(a) shows a faster decay than the diffusion-equation result. Then, we analyzed the temporal evolution of the population n L near L 1 using the diffusion equation including a single decay channel characterized by a time constant τ L , as
where z is the distance from the surface toward bulk, and G(t, z) is the carrier generation rate determined by a pumplaser pulse shape and the absorption coefficient. By solving the equation, we obtained temporally and spatially resolved n L (t,z). To compare the simulation results with experimentally determined values, we assumed that I B is proportional to n L at z = 0, since photoemission probes only those in the surface region. The best fit is obtained for τ L = 180 ± 20 fs. It is still unresolved how to best characterize the dynamical transport properties of hot electrons in short temporal domains. In order to examine the incorporation of several possible dynamical effects, like ballistic transport of hot electrons, into our present diffusion-equation model, we performed simulations using several fixed values of the diffusion constant D between 10 and 50 cm 2 s −1 . Temporal change of I B was rather insensitive to the magnitude of D, and the best-fit procedure always gives τ L = 180 ± 20 fs. Therefore, we conclude that electrons near L 1 decay with a 180 fs time constant.
The decay of the electron population near L 1 may be governed either by scattering to the X valley and/or surface recombination into the unoccupied surface states. In order to examine possible effects of surface recombination, we conducted similar studies for Si(001)-(2 × 1), which has completely different surface electronic states than Si(111)-(7 × 7). 19 As shown in Fig. 4 , the population near L 1 can be probed by measuring the intensity of peak B of Si(001)-(2 × 1). The temporal changes in the L 1 peak intensity of Si(001)-(2 × 1) are shown in Fig. 7(c) . The intensity decays within 500 fs after excitation while showing a finite delay with respect to the CCT shown by the broken curve. The analysis, similar to that for Si(111)-(7 × 7) in terms of the diffusion-equation model, shows that the lifetime of the L 1 peak is 175 ± 30 fs for Si(001)-(2 × 1), which is essentially the same value as for τ L in Si(111)-(7 × 7). The light blue (gray) curve pertaining to data points is the same one used for I B of Si(111)-(7 × 7) in Fig. 7(a) . This result shows that τ L is 235210-7 not surface sensitive, and that the scattering into the X valley in the bulk electronic state is the primary relaxation process of electrons populated near L 1 in Si.
We also studied the effects of sample temperature T and excitation density ρ e on τ L . We find that τ L is not dependent on ρ e for electron densities ranging from 3×10 17 to 5×10 18 cm −3 , but it is dependent on T ; the lifetime at 90 K is 250 fs, which is about 40% longer than at 293 K. These results substantiate the dominant role of electron-phonon interaction on intervalley scattering for ρ e < 5×10 18 cm −3 . In a homopolar semiconductor such as Si, L-X intervalley scattering occurs by the deformation potential interaction. The transition rate, R, is given by
where D LX is the deformation potential constant, ρ m is the mass density, ω LX is the angular frequency of the phonon mode responsible for the scattering, E k is the energy of the initial state relative to L 1 , E LX is the difference in energy of the two valley minima, and N (E k − E LX ) is the final density of states of the CB to which the electron scatters. The term n BE (ω LX ) is the Bose-Einstein occupation probability of phonons with the frequency ω LX . In Eq. (2), we assumed that the phonon energyhω LX is much smaller than the magnitude of E LX . In Fig. 8 , we show an iso-energy plane of the lowest CB in the Brillouin zone including L 1 . From the figure, we can estimate that the smallest phonon momentum that can induce L-to-X intervalley scattering corresponds to the wave vector of 0.63Å −1 . The direction is almost parallel to the direction from K to . The phonon dispersion in Si 36 tells that the LA phonon with this momentum has an energy quantum of 29.8 meV. This magnitude of phonon energy well describes quantitatively the temperature-dependent changes in τ L described previously via the factor {2n BE (ω LX ) + 1} in Eq. (2) . Therefore, we interpret that this LA phonon is responsible for the intervalley scattering; ω LX = 4.4×10 13 s −1 . Because E LX >hω LX , we assume
, resulting in Eq. (2). We also presume that quasithermalization of hot carriers in the L valley takes place within 100 fs due to effective carrier-carrier interaction in a valley, as in the case of III-V semiconductors, 15 and assume for simplicity that E k = 0. The term N (E k − E LX ) was estimated using the density of state effective mass of 0.33m 0 (m 0 is the electron rest mass) without anharmonic corrections. Then, for D LX = 1.2 eVÅ −1 , together with other well-established values for Si, we calculate a rate of 5.6× 10 12 s −1 , which corresponds to a lifetime of 180 fs at 293 K. Previous studies on intervalley scattering among six degenerate ellipsoidal energy minima of the CB determined two deformation potential constants; D f = 6.85 eVÅ
for the f-scattering process and D g = 0.6-0.7 eVÅ −1 for the g-scattering process. 37 The value for L-to-X intervalley scattering is close to that of D g , but it is much smaller than for polar semiconductors like GaAs and InP, which have been studied extensively. 15 Figure 6 also shows that the CBM peak intensity reaches its maximum with a significant time delay about 1 ps after excitation. This is substantially longer than that for excitation below 2.2 eV, which results in the electron injection into the X valley as observed in the previous study 13 Here, we discuss the hot-electron relaxation leading to the accumulation near the CBM to elucidate the feature of delayed accumulation of electrons near the CBM.
Relaxation of hot electrons toward the CBM
First, we evaluate the density, n C , of electrons accumulated near the CBM when excited by 3.40 eV photons, based on the results shown in Fig. 6 . The density cannot be simply estimated by the peak intensity of the photoemission peak only, since the spectral shape changes substantially depending on the effective temperature of the electronic system. 13 In order to evaluate n C , we employed spectral shape analysis in terms of the electron distribution function f (e). Since ρ e is still lower than the effective density-of-state of the CB, we can use the Boltzmann distribution function to describe the electron statistics. 13 Therefore, f (e) is given by
where I is a constant that characterizes the density, k B is the Boltzmann constant, T * is the effective temperature, and e is the energy measured from the CBM. We fit the observed emission spectra with spectral function F (e), which is the f (e) convolved with the energy resolution E of detection. 39 The density of electrons near the CBM is obtained as a function of t by integrating the time-resolved spectral function F (e)over energy.
In Fig. 9 , we show typical examples of the results of the analysis. Because of the considerable overlap of the CBM peak with the U 1 component of the surface states in the relevant kinetic energy region, it is essential to separate the two components reasonably. As shown in Fig. 9(a) , when t is negative, where the electron density near the CBM is expected to be minimal, the photoemission spectrum in the energy range is a smoothly decreasing function. The spectrum can be fitted well by a base function consisting of the sum of two exponential functions and a constant, as shown by the green (gray) curve. We use this base function to approximate the U 1 component, which shows a rather steep decrease in the lower-energy range and gradual decrease in the higher-energy range. In the spectra at positive time delays, the photoemission peak from the CBM is clearly visible, and the spectra are fitted as the sum of the base function and the spectral function F (e). The red (dark gray) curve in each column in the figure is the spectral function of the CBM photoemission thus resolved, and each is characterized by the effective temperature listed. 40 In this spectral analysis, including several parameters, some ambiguities are unavoidable to evaluate n C . However, the obtained results are rather robust; the description of the U 1 component by a polynomial, or the linear extrapolation between 0.8 and 1.2 eV give essentially the same results, with variations less than 10% when normalized to the maximum value. The density of electrons near the CBM, obtained by integrating the time-resolved distribution function, is shown in Fig. 10(a) . The population n C reaches a peak value at 660 fs after excitation and then decays substantially within 2 ps. The decay may be due to efficient diffusion toward the bulk and/or transfer to unoccupied surface states. The effective temperature obtained by the analysis is plotted in Fig. 10(c) .
When we compare the growth of the CBM density n C and the decay of population n L near L 1 , we find a substantial delay between the two; there is a finite time lag between the decay of n L and the growth of n C . Since there is a large energy difference of 1.1 eV between L 1 and the CBM as determined in Sec. III A 2, we presume that the lag reflects relaxation down to the CBM in the X valley after scattering from the L valley. As suggested in Sec. III A 2, a certain fraction of hot electrons may be scattered into the X valley, without being scattered into the L valley. Since the photoemission peak of Q of Si(001)-(2 × 1) has a peak energy about 0.5 eV higher than peak B from L 1 , the energy difference from the CBM can be estimated to be about 1.4 eV. Such hot electrons are also expected to relax down toward the CBM with a finite relaxation time.
Based on the presumption mentioned previously, we analyze the growth kinetics of electron accumulation near the CBM using a diffusion equation model to characterize the delay in accumulation more quantitatively. For simplicity of the analysis, we neglected the contribution of hot electrons scattered directly into the X valley. Temporal evolutions of n L , n C , and the population n R of the relaxing electrons can be correlated by the following set of diffusion equations;
together with the equation for n L (Eq. (1)). The same value of D (=18 cm 2 s −1 ) was assumed for n L , n R , and n C , for simplicity. Since photoemission probes only the populations in the surface region, we assumed that photoemission intensities of respective states are proportional to the values at z = 0 of temporally and spatially resolved n R (t,z), and n C (t,z). The green (gray), chain, and solid curves in Fig. 10(a) are the simulated results of the set of diffusion equations. By inserting the relaxing-electron state, the time lag for forming the electron population near the CBM is reasonably described. The best-fit values for τ R and τ C are 150 fs and 2.0 ps, respectively. From the results of the analysis, we may conclude that the electrons scattered into the X valley from L valley are accumulated near the CBM with a finite time delay characterized by τ R of 150 fs.
We compare the temporal evolution of CBM electron density populated by 3.40 eV photons with that induced by electron injection directly into the X valley by photoexcitation with 2.10 eV photons. In order to see the changes specific to the excitation photon energy, the Si(111)-(7 × 7) surface, used in time-resolved 2PPE with 3.40 eV photons, was specifically used in the measurements, since the electrons near the CBM for Si(001)-(2 × 1) apparently show a different decay characteristic from that for Si(111)-(7 × 7). 13 Similar spectral analysis was applied to evaluate the electron density near the CBM as a function of t with respect to the 2.10 eV pump pulse, and the results are plotted in Fig. 10(b) . In the case of 2.10 eV excitation, however, there is a significant overlap of the CBM peak and a broad coherent 2PPE peak in the relevant kinetic energy region. 13 Therefore, it was not possible to evaluate accurately the density for t's less than 200 fs. Nevertheless, it is clear that the electron density reaches a maximum at 200 fs and decays gradually within the time window of detection. The solid curve data points are a calculated result of a rate-equation model with formation time of 40 fs and decay time of 1.8 ps 13 ; no effects of diffusion can be expected for the 2.10 eV excitation because of the small absorption coefficient. Since the decay rate of the CBM density is similar to that by 3.40 eV excitation, the difference in the population kinetics seen in Figs. 10(a) and 10(b) directly reflects the growth rate. Therefore, by comparison, it is evident that there exists a substantial delay in electron accumulation near the CBM when they are excited by photon energies of more than 3 eV.
In the relaxation processes of hot electrons with excess energies, relative to the CBM, exceeding the band gap energy, excitation of electron-hole pairs can be a possible decay channel as in metals. 41 If this channel takes place with a rate higher than phonon-assisted relaxation, then we expect fast generation of electrons just near the CBM. However, as demonstrated here, accumulation of electrons near the CBM is delayed substantially compared to the case of electrons injected directly into the X valley by photons with energies below 2.2 eV. Therefore, the present result shows that the excitation of electron-hole pairs is not a dominant channel in the relaxation of highly excited hot electrons in Si.
The effective electron temperature T * , obtained by the spectroscopic analysis, is shown in Fig. 10(c) for the two cases of 2.10 eV excitation and 3.40 eV excitation. For 2.10 eV excitation, T * is 1350 K at t = 250 fs, and it decreases exponentially toward ambient temperature. The decrease of T * is characterized by a time constant of 240 fs, which has been interpreted as the energy relaxation time. 13 On the other hand, in the case of 3.40 eV excitation, T * is 950 K, which is almost constant before forming the maximum electron population near the CBM, and which decreases toward ambient temperature within 2 ps of excitation. The decrease could be fitted by an exponential decay with a time constant of 440 fs. This value is larger than the energy relaxation time of 240 fs determined for excitation-photon energies less than 2.2 eV. It is known that the energy relaxation time of hot electrons in semiconductors may change, depending on the density of excitation due to plasma-induced screening. 42 However, the maximum density of carriers in the present study is at most 1 × 10 19 cm −3 , i.e., far below the critical density of 1 × 10 21 cm −3 . [42] [43] [44] Therefore, this screening effect plays no role in the present study, and the slower time constant is a consequence of relaxation of hot electrons generated by 3.40 eV photons.
Relaxation processes of optically injected hot electrons with nonequilibrium distributions toward quasi-equilibrated electronic systems near the CBM may be governed by the interplay between electron-phonon interaction and carriercarrier interaction. The former interaction transfers the excess electronic energy to the lattice, while the carrier-carrier interaction leads to a quasi-equilibrated electron distribution maintaining the internal electronic energy. Therefore, the magnitude of T * and its temporal change are dependent on several factors, like the amount of excess energy each electron carries, mode of hot-electron supply, and the rate of dissipation of internal energy. Efficient carrier diffusion may also play a role in the cooling process of hot electrons in the surface region.
As seen in Fig. 10(a) , there is a significant time delay in the accumulation of electrons near the CBM in the case of 3.40 eV excitation. The delay comes from several relaxation processes, including intervalley scattering and energy relaxation in the X valley from states more than 1 eV above the VBM, as analyzed herein. These processes transfer the excess electronic energy to the lattice, and modify the mode of hot-electron supply into the vicinity of CBM from the Gaussian-like form determined by the short pump-pulse to a stochastic form characterized by a relaxation time of a few hundreds of femtoseconds. Therefore, it may be expected that the magnitude and temporal change of T * of the finally formed quasi-equilibrated electron system are dependent on the excitation photon energy, which results in different relaxation pathways. The average energy 3/2k B T * of quasi-equilibrated electrons near the CBM is at most 0.1 eV for T * = 950 K, which is much smaller than the electron excess energy (1.14 eV) defined by a half of hν pump -E g . 13 Therefore, most of the internal energy of electrons given by photoexcitation is transferred to the lattice before establishing the quasi-equilibrated electronic distribution. This may be one important characteristic of relaxation of highly excited hot electrons excited with 3 eV photons in Si.
IV. SUMMARY
We present a 2PPE study of the dynamical relaxation of highly excited hot electrons in Si for excitation-photon energies ranging from 3.2 to 3.5 eV. Monochromatic 2PPE reveals a coherent 2PPE peak from the VBM, and a transient photoemission peak from L 1 region. Time-resolved 2PPE measurements show that electrons injected into L valley undergo the L-to-X intervalley scattering with a time constant of 180 fs (250 fs) at 293 (90) K. For the scattering, a deformation potential constant of 1.2 eVÅ −1 is obtained. The highly excited electrons relax down toward the CBM to form a quasi-equilibrated hot electron distribution; the highest density is accumulated at 660 fs after excitation. The hot electron distribution is equilibrated with the lattice within 2 ps after excitation. These features of hot-electron relaxation, significantly different from those for excitation below 2.2 eV, demonstrate relaxation pathways dependent on the excitation photon energy. The results obtained in this study may provide a sound foundation on which we can investigate in detail structural rearrangement phenomena induced by photoexcitation near 3 eV in Si.
